ABSTRACT A method is presented for locating protein antigenic determinants by analyzing amino acid sequences in order to find the point of greatest local hydrophilicity. This is accomplished by assigning each amino acid a numerical value (hydrophilicity value) and then repetitively averaging these values along the peptide chain. The point ofhighest local average hydrophilicity is invariably located in, or immediately adjacent to, an antigenic determinant. It was found that the prediction success rate depended on averaging group length, with hexapeptide averages yielding optimal results. The method was developed using 12 proteins for which extensive immunochemical analysis has been carried out and subsequently was used to predict antigenic determinants for the following proteins: hepatitis B surface antigen, influenza hemagglutinins, fowl plague virus hemagglutinin, human histocompatibility antigen HLA-B7, human interferons, Escherichia coli and cholera enterotoxins, ragweed allergens Ra3 and Ra5, and streptococcal M protein. The and indicate that they are frequently found on regions of a molecule that have an unusually high degree of exposure to solvent-i. e., regions which project into the medium (for reviews, see refs. 1 and 3). This, together with the fact that charged, hydrophilic amino acid side chains are common features of antigenic determinants, led us to investigate the possibility that at least some antigenic determinants might be associated with stretches of amino acid sequence that contain a large number of charged and polar residues and are lacking in large hydrophobic residues. A suitable means of methodically searching for such regions was found by combining a method like that of Chou and Fasman (5), in which numerical values for amino acids are repetitively averaged over the length ofa polypeptide chain, with a set ofvalues expressing the relative hydrophilicity of each amino acid. Suitable values were available in the solvent parameters assigned by Levitt (6), which are derivatives ofthe hydrophobicity values ofNozaki and Tanford (9).
ABSTRACT A method is presented for locating protein antigenic determinants by analyzing amino acid sequences in order to find the point of greatest local hydrophilicity. This is accomplished by assigning each amino acid a numerical value (hydrophilicity value) and then repetitively averaging these values along the peptide chain. The point ofhighest local average hydrophilicity is invariably located in, or immediately adjacent to, an antigenic determinant. It was found that the prediction success rate depended on averaging group length, with hexapeptide averages yielding optimal results. The method was developed using 12 proteins for which extensive immunochemical analysis has been carried out and subsequently was used to predict antigenic determinants for the following proteins: hepatitis B surface antigen, influenza hemagglutinins, fowl plague virus hemagglutinin, human histocompatibility antigen HLA-B7, human interferons, Escherichia coli and cholera enterotoxins, ragweed allergens Ra3 and Ra5, and streptococcal M protein. The hepatitis B surface antigen sequence was synthesized by chemical means and was shown to have antigenic activity by radioimmunoassay.
The elucidation of protein antigenic structures is presently a difficult, uncertain, and time-consuming task. To precisely delineate antigenic determinants, it is necessary to prepare a large number ofwell-characterized chemical derivatives and peptide fragments from the original protein antigen and then to test these derivatives for immunological activity (1, 2) . Alternatively, a homologous series of proteins may be used to assess the influence ofparticular amino acid substitutions, thereby implicating certain regions as antigenic determinants (3, 4) ; this approach requires knowledge of complete primary structures for a number of proteins before the immunological results can be interpreted. Despite the laboriousness of available approaches, the complete antigenic structures have been elucidated for a small number of proteins, and partial information is available for many others.
As more information becomes available on protein antigens, it should be possible to use this information to predict the locations of antigenic determinants before any immunological testing has been carried out. In recent years a number of systems have been developed to predict protein conformational features from amino acid sequences (5) (6) (7) (8) , but none of these were specifically oriented to the prediction of antigenic determinants. Therefore, we sought a method that was not predicated upon predictions of particular structural features but rather sought a simple correlation with surface location of stretches of peptide chain and the likelihood of antibody binding. A guiding principle was the notion that many surface oriented regions are nonantigenic (1) . This led us to take an empirical approach in our analysis and to arbitrarily manipulate the emphasis placed on certain amino acids in order to find a particular kind of sequence that is favored for antibody binding (which may not strictly depend on the hydrophilicity of the sequence). The present report describes a system that uses a simplified method to successfully predict antigenic determinants, given the amino acid sequence of a protein and no other information. METHOD Previous investigations have demonstrated that antigenic determinants are surface features ofproteins and indicate that they are frequently found on regions of a molecule that have an unusually high degree of exposure to solvent-i. e., regions which project into the medium (for reviews, see refs. 1 and 3). This, together with the fact that charged, hydrophilic amino acid side chains are common features of antigenic determinants, led us to investigate the possibility that at least some antigenic determinants might be associated with stretches of amino acid sequence that contain a large number of charged and polar residues and are lacking in large hydrophobic residues. A suitable means of methodically searching for such regions was found by combining a method like that of Chou and Fasman (5), in which numerical values for amino acids are repetitively averaged over the length ofa polypeptide chain, with a set ofvalues expressing the relative hydrophilicity of each amino acid. Suitable values were available in the solvent parameters assigned by Levitt (6) , which are derivatives ofthe hydrophobicity values ofNozaki and Tanford (9) .
In Table 1 are listed the numerical values (hydrophilicity values) assigned to the 20 amino acids commonly found in proteins. In the first column, the values of Levitt (6) are listed, whereas the second column lists the values that were finally chosen for our hydrophilicity calculations. The values were generally retained as expressed by Levitt; however, changes in the values for proline, asparatic acid, and glutamic acid improve the prediction results, as explained later. Hydrophilicity analysis of a protein is carried out by the following method.
Each amino acid in the sequence of the protein is assigned its hydrophilicity value, then these values are repetitively averaged down the length of the polypeptide chain, generating a series of local hydrophilicity values. The number of hydrophilicity values that are averaged at each repetition is arbitrary, and we chose groups of six for our initial studies because this is the approximate size ofan antigenic determinant (1, 10) . Once the complete set of averaged values is obtained, the list is scanned to locate the highest value. According to the studies presented here, this high point will invariably lie within or be immediately adjacent to one of that protein's antigenic determinants.
A useful way of recording the results of this analysis is to produce a plot ofhydrophilicity value versus sequence position.
Abbreviations: aAbu, a-aminobutyric acid; HBsAg, hepatitis B surface antigen.
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* Solvent parameter values assigned by Levitt (6) . Fig. 1 , the hexapeptide analysis of sperm whale myoglobin, is illustrative. The high point of the profile, at position 60.5, falls within myoglobin antigenic site 2 (1). Several findings which proved to be generally true with other proteins can be seen in the myoglobin plot. First, not all antigenic determinants are associated with high points of hydrophilicity (for example, antigenic site 4, residues 113 through 119); second, not all high points are associated with antigenic determinants (position 79.5). The one correlation which has been upheld in myoglobin and the other proteins that we tested, is that one antigenic determinant is consistently located at the point of maximum hydrophilicity.
Computerization. To facilitate the analysis oflarge quantities ofsequence information, our procedure was encoded in a FOR- Immunology: Hopp and Woods (Table 3) . Comparison of data plots for various averaging group lengths suggested a reason for this. In going from di-to tetra-to hexapeptide analysis, the plots became less chaotic and the local hydrophilicity trend became more apparent. In going from hexa-to octa-to decapeptide analysis, the plots became even smoother. However, wrong predictions appeared again, and there was an increase in unknown predictions, whereas correct predictions fell from 10 to a low of 5 for nona-and decapeptide analysis. The reason for this may be that the regions of high hydrophilicity that are recognized well by the hexapeptide analysis begin to be obscured when longer averaging groups were used, due to their being combined with adjacent regions of low hydrophilicity.
Second and Third Highest Points. In order to assess the generality of the predictive value of high points, the success of the second and third highest points was considered. These points were only selected from the subset of points that had at least three amino acid positions between them and the highest (or second highest) point. This resulted in the second and third highest points always occurring in their own individual peak of hydrophilicity and the elimination of redundant prediction of antigenic determinants. However, neither the second nor the third highest points gave highly reliable prediction results. Although the correlation of predicted points with antigenic determinants seems to be significant in both cases (25% for the second and 33% for the third), the number of wrong predictions (33% in each case) severely limits the usefulness ofthese points for prediction of antigenic determinants of unknown proteins. These points are probably worthy of consideration in cases where immunochemical testing is used to verify the predictions because (by ignoring unknown predictions) they represent a 43% and 50% chance of a correct prediction, respectively.
Predictions for Uncharacterized Protein Antigens. We have applied our procedure to a number of proteins for which the location of an antigenic determinant may be of particular interest (Table 4) . Several of the sequences listed in Table 4 (22) 141-Lys-Pro-Thr-Asp-Gly-Asn Influenza hemagglutinins A/Victoria/3/75 strain (23) 171-Asn-Asp-Asn-Ser-Asp-Lys A/Aichi/2/68 strain (24) 88-Val-Glu-Arg-Ser-Lys-Ala Fowl plague virus hemagglutinin (25) 97-Glu-Arg-Arg-Glu-Gly-Asn Human histocompatibility antigen HLA-B7 (26) 43-Pro-Arg-Glu-Glu-Pro-Arg
Human interferons Fibroblast (27) 103-Glu-Glu-Lys-Leu-Glu-LysGlu-Asp Leukocyte I (28) 160-Glu-Arg-Leu-Arg-Arg-LysGlu
Leukocyte A (29) 131-Lys-Glu-Lys-Lys-Tyr-Ser E. coli enterotoxins Heat labile (30) 66-Glu-Arg-Met-Lys-Asp-Thr
Heat stable (31)(two identical 26-Asp-Ser-Ser-Lys-Glu-Lys peaks)
46-Ser-Glu-Lys-Lys-Ser-Glu Cholera toxin # chain (32) 79-Glu-Ala-Lys-Val-Glu-Lys Streptococcal M protein (33) 58-Arg-Lys-Ala-Asp-Leu-Glu-Lys
Ragweed allergens
Ra3 (34) 88-Cys-Thr-Lys-Asp-Gln-Lys Ra5 (35) 40-Ser-Lys-Lys-Cys-Gly-Lys Lys-Pro-Thr-Asp-Gly-Asn-aAbu-Thr-aAbu (aAbu = a-amino butyric acid, replacing Cys) corresponding to residues 138-149 of the hepatitis B surface antigen (HBsAg) protein, and tested it for antigenic activity. The peptide side chains were deprotected under conditions where the peptide remained attached to the polystyrene beads (21). The peptidyl beads were then used to replace the polystyrene beads normally used in the Ausria II radioimmunoassay for HBsAg (Abbott), yielding a clearly positive binding affinity for "2I-labeled anti-HbsAg antibodies. Beads without peptide, or peptidyl beads in which the side chain protecting groups had not been removed, did not bind significant '"I-labeled anti-HBsAg antibody. Details of these experiments will be published elsewhere.
DISCUSSION The studies described demonstrate the usefulness and limitations of antigenic determinant prediction by hydrophilicity analysis. The peak hexapeptide prediction value is highly successful, yielding no wrong assignments in 12 proteins; only lack ofinformation on 2 of the 12 proteins makes it unclear whether the present method has a 100% success rate. On the other hand, the second and third highest peaks result in a mixture ofcorrect and incorrect assignments and therefore, are less useful as predictors ofantigenic determinants. It is clear by inspection ofthe data plots that some antigenic determinants are not correlated with hydrophilicity, although there does seem to be a correlation ofmany antigenic determinants with local upspikes ofthe hydrophilicity profile. This suggests that our present method may be a good basis on which to superimpose other types of information that boost the values of these low peaks. For example, it may be possible to improve prediction success by considering currently available methods for predicting secondary structure, particularly /3 bends.
Our method bears some resemblance to the procedure reported by Rose and Roy for predicting protein packing by hydrophobicity analysis (8) , but it also has distinct differences that make it a better system for locating antigenic determinants. Because their approach utilizes the hydrophobicity values of Nozaki and Tanford (9) without the adjustments introduced by Levitt (6) , the values for all hydrophilic amino acids are identical (i.e., 0), whereas the corresponding values used in our procedure range from 0.2 to 3.0. This results in a strong influence by the charged amino acids and an intermediate effect for neutral polar amino acids. Furthermore, Rose and Roy use a leastsquares fitting of data to a quadratic polynomial with a sevenpoint moving window rather than hexapeptide averaging. This results in greater smoothing of the profile and end effects. Both of these qualities seem to decrease the potential usefulness for antigenic determinant prediction. In contrast, our method depends upon simpler calculations and a shorter averaging-group length and is capable of considering all amino acids from the amino-terminal to the carboxyl-terminal residue.
Finally, it should be emphasized that the ability to predict antigenic determinants from amino acid sequence data alone is potentially very useful, even though only a single determinant can be predicted with confidence for any given molecule. For example, many proteins whose antigenic structures are of interest are not available in quantities sufficient to allow conventional immunochemical studies to be carried out, as is the case with many ofthe proteins for which we listed predictions in the preceding section. Increasingly, amino acid sequence information for such proteins is being obtained by microchemical methods or by nucleotide sequence analysis, so that sufficient material for conventional immunochemical analysis is never available. However, once an antigenic determinant has been predicted, it should be possible to verify its existence by synthesizing the indicated region chemically and testing its activity in an appropriate immune assay, such as inhibition of cytotoxicity or precipitation inhibition. Furthermore, it should be possible to raise antisera against such synthetic determinants, as Arnon et al. have done for a bacteriophage (37) . Ultimately, predicted antigenic determinants from proteins of pathogenic organisms might be useful in the production of synthetic vaccines.
